Abstract. RNA viruses replicate as complex and dynamic mutant distributions. They are termed viral quasispecies, in recognition of the fundamental contribution of quasispecies theory in our understanding of error-prone replicative entities. Viral quasispecies have launched a fertile field of transdiciplinary research, both experimental and theoretical. Here we review the origin and some implications of the quasispecies concept, with emphasis on internal interactions among components of the same mutant virus ensemble, a critical fact to design new antiviral strategies. We make the distinction between "intrinsic" and "extrinsic" properties of mutant distributions, and emphasize that there are several levels of complexity that can influence viral quasispecies behavior.
Introduction
Viruses are cellular parasites that have a genetic program encoded either in DNA or RNA and that requires a cell to be expressed. While the genome of DNA viruses ranges from a few thousand to several hundred thousand nucleotides, the genome of the RNA viruses identified to date is restricted to 3000-33000 nucleotides. That is, they have a very limited coding capacity to complete their replication cycles and to survive in a biosphere which is dominated by DNA-based unicellular and multicellular organisms. Some equilibrium has been reached between DNA and RNA genetic elements in life on Earth. While some models postulate an ancient cellular RNA world, no cells with an RNA genome have been discovered although, according to some views, RNA cells may still hide in some remote locations of our planet. This review article has as its main focus to describe and discuss some unique features of the population structure and dynamics of the RNA viruses that allow them to respond to selective constraints, including the host immune response. Viral RNA genomes can be single-stranded, double-stranded and with its information included in a single RNA molecule or in multiple RNA molecules (segmented genomes). The majority of viruses characterized to date are RNA viruses, and they include pathogens that will be familiar to all readers, such as the human immunodeficiency virus, the cause of the ongoing AIDS epidemic, hepatitis C virus, emerging viruses such as Dengue virus, the influenza virus that has affected most of us during our life times, and a number of animal and plant pathogens associated with economically devastating diseases. They have managed to survive for a long time by infecting relentlessly animals or plants, and by jumping from one host species to another.
The RNA viruses, together with other RNA genetic entities (retrovirus-like elements in mammalian genomes, the plant viroids, etc.) constitute one of several "RNA worlds" that have fascinated the scientific community since methods to approach life structures and mechanisms became available during the second half of the XXth century. Another RNA world is formed by multiple cellular RNAs that have been identified as playing essential regulatory roles in gene expression. Yet another is a likely RNA world that probably existed some four thousand million years ago, and that might have contained the most primitive replicating forms at the onset of life on Earth. Several general accounts of these different existing or hypothetical RNA worlds have been published, and the reader is referred to some books and articles as introductions to the subject [31, 41, 42, 51, 100] .
Several fundamental questions have been asked: Why do RNA genetic elements in general, and RNA viruses in particular, exist? Are they remnants of a primitive RNA world or are they of a more recent origin? How do they manage to persist in a cellular DNA world? Do they play a function or are they simply "selfish" genetic entities? Have they contributed (and perhaps are still contributing) to cellular diversification and functional specilizations? Some of these questions have begun to be approached by comparing properties of the RNA genomes with those of the cells they infect. In this undertaking an interplay between theoretical modelling and experimental observation has been essential. In the last four decades, some unique features of RNA viruses have come to light: (i) High mutation rates during replication. (ii) A remarkable population heterogeneity and dynamics. Both traits resemble those predicted for primitive replicons during early life stages according to a theory of molecular evolution which is termed quasispecies theory. (iii) The occurrence of interactions among components of the heterogeneous viral populations that render mutant ensembles (rather than individual mutants) the true actors of virus behaviour. Here we examine the origin and scientific implications of these three features.
High mutation rates. Two births of quasispecies
Quasispecies is a theory of molecular evolution that formulated the mathematics of error-prone replication of primitive genetic elements. The initial, pioneer study was published by Manfred Eigen in 1971 [30] . It encompassed elements of information theory and Darwinian evolution, notably the concept of natural selection. The theory was intended to explain how primitive genetic elements (thought to be short RNA or RNA-like molecules) could self-organize to be able to display template activity (capacity to store and transmit information) and to achieve adaptability to ensure long-term propagation of the genetic message. An essential ingredient to accomplish self-organization and stability was the production of error copies in the right amounts: sufficient to ensure adaptability, but not in excessive numbers to avoid the genetic message losing its information contents. Quasispecies theory was subsequently further developed by Manfred Eigen and Peter Schuster (compiled in [32, 33] ). The theory was ground breaking in that it represented the introduction of a molecular view into evolutionary biology. This was the birth of the theoretical quasispecies. Initially it was formulated as a deterministic theory, in mathematically solvable terms. Its key equation describes the production of error copies of a replicating entity that achieves a steady state mutant distribution in equilibrium (Figure 1 ). Extensions of quasispecies theory to nonequilibrium conditions (meaning finite genome populations in variable environments or fitness landscapes ) have been developed in recent years [29, 77, 78, 98] . These extensions have rendered quasispecies theory more realistic to interpret the behaviour of real genetic entities, be putative primitive replicons or present day RNA viruses. In fact, there was a second birth of quasispecies from the experimental side.
Its description requires examination of pioneer studies with the most simple RNA viruses that have been described to date: the RNA bacteriophages.
In the early 1970's the RNA bacteriophages, a group of bacterial viruses with RNA as genetic material discovered in 1961 [57] , became salient biological systems because they allowed for the first time the replication of a viral genome and the study of protein synthesis in the test tube. The only components required in the reaction mixture were the viral RNA as the template, a purified replicase, a host factor, nucleotide substrates, and adequate pH and ionic conditions. The viral RNA template (termed the plus strand) was copied into a complementary minus strand which in turn acted as template to produce more plus strands. The bacteriophage that best achieved in vitro replication had as its name Qβ. A pioneer study by Sol Spiegelman and colleagues demonstrated Darwinian evolution (mutation, competition and selection) of Qβ RNA in vitro [61] .
In his new Institute at the University of Zurich, Charles Weissmann the discoverer that replication of Qβ RNA occurred via a minus strand intermediate [35] adopted the minus strand-directed Qβ RNA synthesis in vitro as a system to introduce mutations at preselected positions of Qβ RNA. This was an important achievement that represented the origin of what is today known as reverse genetics [38, 97] . It is remarkable that mutations could be introduced at preselected positions of the Qβ genome at a time when cDNA synthesis, in vitro DNA recombination, rapid nucleotide sequencing, and PCR technology were not available.
The second birth of quasispecies, came as a result of the study of one of the mutants of bacteriophage Qβ synthesised by site-directed mutagenesis that included a point mutation in the 3'-untranslated region [5, 19, 21] . Much to our surprise at the time, an extracistronic point mutant of bacteriophage Qβ was viable, meaning that it produced infectious progeny upon introduction of the RNA into E.coli spheroplasts (lysozyme-treated E.coli cells that were competent to uptake exogenous RNA). However, the mutant virus multiplied in E.coli at a rate slightly lower than that of the wild type virus. This was a lucky circumstance because it allowed quantification of the reversion of the mutant into the wild type, and to measure the selective advantage of the wild type relative to the mutant (a parameter that later became known as relative fitness in virology). A simple mathematical model written by Edward Batschelet from the Mathematics Department of the University of Zurich allowed an estimate of the rate at which the relevant reversion (a G− >A transition) occurred. The value was 10 −4 mutational events per genome doubling [5] . This mutation rate was the first calculated for an RNA virus, and it was several orders of magnitude higher than the values that John Drake had previously obtained for DNA bacteriophages and bacteria [24] . Although the mutation rate referred to a precise mutation type at a single site of Q RNA, later studies with many RNA viruses using biochemical and genetic methods amply supported mutation rates averaging 10 −3 to 10 −5 substitutions per nucleotide copied (reviews in [25, 79] ). Growth-competition assays between two viruses (distinguishable genetically or phenotypically), carried out in cell culture or in a host organism, are currently used to quantify their relative fitness or replicative capacity [76] (Figure  2 ). High mutation rates stand as a general feature of RNA viruses and other RNA genetic elements, and the biological consequences continue being unveiled at the time of this writing. When the rate of reversion of the Qβ mutant was obtained, it immediate provided a molecular interpretation of remarkable phenotypic heterogeneity and variation that characterized the RNA bacteriophages. For example, it had been observed that a class of mutants termed temperature-sensitive (ts) (because they cannot grow at high temperature) often arose in viral preparations that were supposed to have only wild type virus. Also, plaque size and morphology the appearance of the typical lesion of dead cells left by an infectious virus particle when applied onto a cell monolayer varied frequently within a viral population (as early examples and reviews, see [52, 93, 96] ). It was soon recognized that the rate at which the extracistronic G− >A transition occurred (one event every 10.000 times that the replicase copied that specific template position) was unlikely to be exceptional. The reason was that passage of individual biological clones of phage Qβ even those derived by biological cloning of the wild type resulted in the generation of multiple mutants, in the absence of any mutagenic agent. The mutations mapped along the entire genome, suggesting high mutability of many sites in the RNA. The genetic heterogeneity generated as a result of a limited number of passages was such that each individual genome differed from the others in an average of 1 to 2 mutations per genome. As written in the publication where the generation of heterogeneity was described, "A Qβ phage population is in a dynamic equilibrium, with viable genomes arising at a high rate on the one hand, and being strongly selected against on the other. The genome of Qβ phage cannot be described as a defined, unique structure, but rather as a weighted average of a large number of different individual sequences" [21] . These dynamic features corresponded to those that quasispecies theory described for the hypothetical primitive replicons. At a meeting of the Max-Planck Society that took place in the Swiss village of Klosters in 1978, the connection between quasispecies theory of Eigen and Schuster and the experimental results of the Weissmann laboratory was made (reviews in [17, 22, 23] ). Thus, the conclusion of these studies carried out four decades ago was that a real virus behaved as predicted by a theory of self-organization and adaptability of simple genetic elements. Remarkably, a concept developed to explain the behaviour of replicons that might have existed 4 thousand million years ago apparently was valid for a present day RNA virus. The Qβ work represented the second birth of quasispecies, from experimental virology.
Evidence of high mutation rates and population heterogeneity was soon extended to animal and plant RNA viruses during the 1980's and early 1990's, establishing quasispecies dynamics as a general feature of animal and plant RNA viruses. ([As primary research references and reviews that reflect these early developments see [18, 20, 48-51, 60, 85] ). Not a single exception, that is, an RNA virus devoid of a mutant spectrum, has been reported to date. During infections, even those generated by a single particle (a biological cloning event), mutant distributions (also referred to as mutant spectra or mutant clouds) are rapidly generated. A term used frequently to describe the basic features of RNA genetic elements is "error-prone replication". Despite mistakes in the copying of messages (genetic or other) being universal, some biochemical features of the DNA and RNA replication machineries can be identified as determining their extent.
Molecular basis of error-prone replication
The biochemical basis of the high mutation rates displayed by RNA viruses is the absence of a 3'-to-5' exonuclease in their RNA-dependent RNA polymerases (RdRps, often referred to as RNA replicases, the enzymes responsible for RNA genome replication). This exonuclease acts as a proofreading-repair function in the cellular replicative DNA-dependent DNA polymerases by removing incorrectly incorporated nucleotides at the growing 3'end of the DNA [39] . No evidence of a proofreading-repair activity was obtained using several biochemical assays with vesicular stomatitis virus (VSV) polymerase in vitro [variation of pyrophosphate levels, or of nucleoside-triphosphate concentrations, incorporation of nucleoside [1-thio]-triphosphate analogues] [88] . These negative results agree with the absence in viral RdRps of a domain corresponding to a 3'-to-5' exonuclease activity, as evidenced by sequence alignments and by the comparison of three-dimensional structures of DNA polymerases and RNA polymerases [6, 37, 87, 89] .
A significant exception to the absence of a proofreading-repair function in RNA viruses is the presence of a functional 3'-to-5' exonuclease domain in a non-structural protein (nsp 14) of coronaviruses [28, 62] , the viruses with the largest unsegmented RNA genomes. The coronaviruses in which the exonuclease has been rendered non-functional by mutation display a 12-to 15-fold decrease in template-copying accuracy relative to the wild type virus, as evidenced by an increase of the mutant spectrum complexity [15, 27] . Other related viruses termed Nidovirales which have a smaller genome than the coronaviruses do not have the exonuclease function. The presence of a functional proofreading-repair enzyme in the largest RNA viruses known is consistent with the prediction that a large amount of genetic information to be transmitted demands a correspondingly higher accuracy of the replication machinery. This was expressed in quasispecies theory in the form of an error threshold relationship [33] that has found a practical application in virology as a new antiviral strategy termed lethal mutagenesis, consisting in the extinction of virus through introduction of an excess of mutations in their genomes during replication (discussed in a later section).
RdRp fidelity is not dependent only on the presence or absence of a proofreading-repair activity because it can be modified as a result of amino acid substitutions that directly or indirectly affect the interaction of the polymerase-template-primer complex with the incoming nucleotide [36] . This has been documented with a variety of high and low fidelity mutants of several RNA viruses, an ongoing line of active research [11, 22, 59, 94] . High fidelity mutants give rise to mutant spectra of lower complexity (a lower average number of mutations per genome in the mutant swarm) that often show decreased capacity to adapt to complex environments, relative to the corresponding virus that displays a standard mutation rate and higher mutant spectrum complexity [11, 75, 94, 95] . The behavior of viral mutants with modified polymerase fidelity constitutes a direct proof of the selective advantage of high mutation rates for viruses, and a demonstration of the important biological role played by mutant spectra [7, 22] (Figure 1 ).
An additional mechanism that contributes to keeping misincorporations introduced in RNA is the inability of post-replicative repair pathways present in the cell to act on replicative RNA forms. The cells have evolved several enzymes and accessory proteins whose function is to repair damage in DNA or to correct mispaired bases in double stranded DNA when the misincorporation event went unnoticed by the polymerase proofreading activity [39, 56, 64] . Again, biochemical mechanisms fit evolutionary predictions in the sense that a large DNA genome such as the human genome which has a total number of nucleotide pairs which is 10
5 -to 10 6 -fold larger than the number of nucleotides in RNA virus genomes must restrict the number of mutations due to the need to preserve a complex inheritable information [7, 33, 51] . In other words, the negative effects of a given number of mutations per nucleotides are amplified in complex genomes.
Influence of the quasispecies concept in the understanding of RNA virus behavior
The recognition that replicating populations of RNA viruses consist of mutant clouds rather than defined genomic sequences ( Figure 1 ) provided an interpretation of their broad adaptability, and it represented a rupture with concepts of classic population genetics. The main reason of the rupture is that mutation was considered a rare and often deleterious event (see for example several statements in [99] discussed in [73] ). In contrast, a tenet of quasispecies is that mutation plays a critical role in adaptation. In fact, of the several mathematical formulations of evolutionary dynamics, which are all interconnected, quasispecies has as its distinctive characteristic its emphasis on mutation [67] . In the RNA viruses, mutation can no longer be considered an occasional event. Rather, mutation is incessant and a fundamental part of their natural life cycles.
Opposition to viral quasispecies expressed by some population geneticists came in the form of incredulity in high mutation rates. Some attributed the viral population heterogeneities partly to copying mistakes in the enzymatic reactions involved in reverse transcription and polymerase chain reaction amplification (RT-PCR). It was also expressed in manifestos in favor of population genetics being sufficient to explain RNA virus evolution, without the need of quasispecies theory entering the picture. Furthermore, the deterministic nature of the initial quasispecies formulation was also taken as an argument against the theory being adequate for RNA viruses. These controversies have been recently commented [73] and somehow reaffirm that quasispecies has indeed introduced a new point of view in our understanding of RNA viruses. Had the quasispecies irruption represented a trivial addition, no opposition would have been manifested. Quasispecies has influenced our perception not only of virus evolution but also of viral pathogenesis. This is a key point that has established an interesting link between what one could call basic population virology and clinical virology. The ultimate reason of why viral quasispecies is of relevance to viral disease is that one or very few mutations introduced in a viral genome (in the mutant swarms such as those depicted in Figure 1 ) can profoundly alter the response of viruses to frequently encountered selective constraints, including the host immune response or externally administered drugs. In particular, mutation frequencies are such that inhibitor-resistant mutants of human immunodeficiency virus type 1 (HIV-1), hepatitis B virus (HBV) and hepatitis C (HCV) are often present in the mutant spectra of virus present in patients that had never been treated with the corresponding inhibitor (reviewed in [22] ). Implications of genetic variation in virus adaptability are addressed next.
The phenotypic effects of single mutations and of more drastic genetic variation
Mutation is the most widespread type of genetic change. However, RNA viruses, as any other type of cellular or subcellular genetic entity, can undergo more drastic genetic change ( Figure 3) . Recombination is the process by which two parental genomes give rise to a chimeric genome that includes one or more regions from one parent and one or more regions from the other parent. Recombination occurs in DNA and RNA genomes, although in the case of RNA viruses is more frequent among the positive-strand RNA viruses (those in which genomic RNA and viral mRNAs have the same polarity) than among the negative-strand RNA viruses (those in which genomic RNA and all or part of viral mRNAs have different polarity) [47] . RNA recombinants can arise when an RdRp which is in the process of copying a template RNA molecule jumps at the equivalent position of a second template molecule. Since no discontinuity in phosphodiester bond formation occurs, the result is the formation of a chimeric genome with the crossing point at a site where the sequences are identical or nearly-identical. This type of recombination is termed homologous recombination, and it requires RNA replication. Recombination can also be non-homologous and non-replicative, and it can link together RNA pieces of very different origin, including viral RNAs with cellular RNA (Figure 3 ) (reviewed in [1, 82, 91] ). Recombination in virus evolution can serve at least two different purposes: to explore new combinations of genetic material for adaptation to new environments, or to rescue viable genomes from parental genomes that had acquired an excessive mutational load. In this sense, recombination serves as a fitness-rescuing mechanism. Nucleotide sequence comparisons have provided evidence that some present day viruses probably arose by recombination. A classical example is the alphavirus Western equine encephalitis virus which was probably the result of a recombination event between two viruses, one resembling Sindbis virus and the other resembling Eastern equine encephalitis virus. A large proportion of pathogenic polioviruses that arise in world areas as a cause of poliomyelitis consist of recombinants between poliovirus vaccine strains and human enteroviruses [1] . Thus, recombination is a powerful influence in the emergence of new viral pathogens. Evidence that past recombination events have shaped current versions of circulating viruses has been obtained with salient pathogens such as hepatitis B virus (a virus that while having a DNA genome, its replication cycle includes an error-prone reverse transcription step) [83] .
While mutation rates and frequencies for RNA and DNA genomes have at least some range of consistent values, it has not been possible to obtain a unified view on recombination rates and frequencies, probably due to their inherent variability and also to technical difficulties for their measurement. For some picornaviruses and coronaviruses, the frequency of recombinants can reach 10% to 20% of the total progeny in a typical infection, and the recombination rate of HIV-1 is about 5-fold larger than the mutation rate [80] . Limited polymerase processivity (the capacity of the enzyme to continue copying the same template molecule) appears to be one of the factors that determine high recombination rates by template jumping. It is likely that many recombination events occur during viral infections but they go unnoticed because of the lack of suitable markers and absence of a driving force to confer an advantage to the recombinants. Under selective drug pressure, dually or multiply drug-resistant HIV-1 recombinants can be selected [9, 55, 63] .
Gains or losses of nucleotide stretches are termed insertions and deletions, respectively, often abbreviated as "indels". They occur by a variety of recombination mechanism either within a template molecule (intra-molecular event) or with the participation of two (on occasions perhaps more) template molecules (inter-molecular event). While prior mutations in the parental genomes are a necessity for homologous recombination to have biological significance, "indels" can be generated by non-homologous recombination involving identical (non-mutated) genomes. Other genetic modifications such as inversions, translocations, fusions and fissions are rare in virusees but have been described in viral-like cellular elements and in cellular DNA, including cancer cells.
An interesting observation that applies to viruses as well as to complex cellular genomes is that the extent of a genetic lesion does not necessarily predict the magnitude of a phenotypic consequence. A virus may tolerate indels at several genomic sites with no or little apparent effect while a point mutation that affects directly or indirectly the active site of a viral enzyme can be lethal. In the human genome some points mutations may be the cause of more severe genetic disease than drastic chromosome inversions.
Internal interactions within quasispecies. How mutant ensembles can influence therapeutic outcomes
The behavior of a viral quasispecies cannot be predicted from the behavior of its individual components in isolation, fundamentally due to internal interactions which are established among individual components of a mutant spectrum. Complementing interactions of a positive nature ([manifested because fitness of mutant ensembles is higher than fitness of individual biological clones from the same ensemble [21, 26] ) may enhance the replicative capacity of a quasispecies. In contrast, interfering interactions, mediated by intra-population dominant-negative mutants, may suppress replication by deterioration of viral functions [12, 43, 74] (Figure 4 ). For an antiviral approach to be effective, the presence of a mutant spectrum must be taken into consideration not only because the spectrum may include mutants with potential for adaptation to the antiviral drugs, but also because intra-mutant spectrum interactions may modify the response to the drugs. Learning how to relate viral population composition to the response to drugs may avoid or delay selection of drug-resistant mutants and the ensuing treatment failure.
The existence of an error threshold for maintenance of genetic information [29, 33, 65] (see section on "Molecular basis of error-prone replication") launched investigations on a new antiviral strategy termed lethal mutagenesis. It consists on increasing the error rate during viral replication in the presence of a virus-specific mutagenic agent. Current evidence suggests that virus extinction through enhanced mutagenesis may involve a shift from dominance of complementation among components of the mutant spectrum, to a dominance of interfering interactions as a result of progressively higher concentration of mutants expressing altered proteins ( Figure 4 ). As the mutagenic activity continues, the frequency of genomes harboring multiple mutations and lethal combinations of mutations increases, contributing eventually to the replicative collapse of the ensemble. This proposal agrees with the observation that upon subjecting a replicating viral population to enhanced mutagenesis, the decrease in viral infectivity preceded the decrease in viral RNA levels [44] . These results suggest the presence of a class of RNA replication-competent (or partly competent) genomes that, although partially or completely incapable of completing an infectious cycle on their own, can in some way perturb functions of the standard (fully infectious) genomes coexisting in the same quasispecies [44, 53] .
A transition towards dominance of interfering interactions has been further supported by studies with foot-and-mouth disease virus (FMDV) both, by interference exerted by heavily mutagenized, preextinction FMDV populations [4] , and by interference exerted by specific mutants that express altered viral proteins [74] . It has been postulated that negative-dominant proteins could contribute to the suppression of replication of standard virus, because of the formation of inactive protein complexes. Negative-dominant poliovirus (PV) proteins were shown to dominantly interfere with the growth of drug-resistant PV mutants [12] . These observations match the concept that a viral population as a whole can act as the unit of selection. Because an RNA virus population is made of a spectrum of viable mutants that display a range of different fitness values [21, 26] , it is realistic to force negative intra-population interactions to E. Domingo, C. Perales From quasispecies theory to viral quasispecies produce a collective fitness decrease of the entire quasispecies. To aim at a fitness decrease may be as valid an antiviral strategy as to aim at a reduction of viral load [10, 22] .
An effective suppression of viral infectivity may have a dual consequence of reducing the viral load and achieving viral extinction. Reductions of viral load need not imply virus extinction but may result in a very low replication level that can facilitate clearance of the virus by the immune system. Quantified decreases of viral load, obtained through non-mutagenic inhibitors, did not result in viral extinction, while equal decreases of viral load, achieved in parallel with a mutagenic agent, lead to extinction [2, 45, [68] [69] [70] 81] . These experimental results highlight a critical role of mutagenesis (not only its effect in decreasing viral load) in extinction. A decrease of the basic reproductive ratio (Ro) to values that impede a sustained cellto-cell spread of a virus is not the direct cause of virus extinction, since the decrease is a consequence of mutagenesis (Ro is used in epidemiology but here we apply it to intra-host virus replication). The essential contribution of enhanced mutagenesis to viral extinction has been further underlined by the observation that drastic reductions of population size (such as those involved in plaque-to-plaque transfers) acting on a virus debilitated by accumulation of mutations, are not sufficient to extinguish the population [34] .
To achieve sustained decreases of viral load will require an understanding of the molecular mechanisms that underlie lethal mutagenesis. Only with such a knowledge adequate treatment protocols that involve mutagens and inhibitors administered sequentially or in combination, can be properly designed, as indicated by recent results. In the transition towards loss of infectivity mediated by lethal mutagenesis associated with ribavirin treatment, we observed a movement in sequence space towards hypermutated genomes enriched in A, U nucleotides that included defective but replication-competent genomes [72] . A, U-biased mutants accumulated in the mutant spectrum as a result of ribavirin mutagenesis, and the altered codon triplets contributed to the transition towards extinction. Interfering mutants generated by a mutagen can not replicate in the presence of an inhibitor of viral replication and, as a result, their interfering activity that participates in extinction is prevented. The interaction between a mutagenic agent and an inhibitor regarding their joint effect on a viral population was investigated with capsid and polymerase mutants of FMDV that had been characterized biochemically and structurally [4, 58, 74] . Following coelectroporation of cells with the relevant RNAs, an excess of replication-competent mutants caused a strong and specific interference on FMDV replication. While the presence of the nucleoside analogue ribavirin during viral replication allowed interference to occur, the presence of the inhibitor of FMDV replication guanidine hydrochloride (GU) prevented the interfering activity [71] . We interpreted this result as evidence that the interfering genomes must be allowed to replicate to exert their activity. This is also consistent with the observation that a double polymerase FMDV mutant that rendered an RNA replication-competent virus lost its interfering activity when a third polymerase mutation that abolished RNA replication was introduced [74] . Furthermore, a model of FMDV population dynamics predicted that, independently of the need of defectors to be RNA synthesis positive, the simultaneous presence of a mutagen and an inhibitor may decrease the probability of extinction because the mutagen may rise the level of inhibitor-resistant mutants in the population [54, 71] .
Thus, despite the amply recognized advantage of combination therapies over monotherapy to avoid or delay selection of escape mutants when only non-mutagenic inhibitors are involved in therapy, a sequential inhibitor-mutagen administration can have an advantage when a mutagenic agent is a component of therapy. In the experiments with FMDV, the opposite sequential administration of ribavirin first, followed by the inhibitor GU, resulted in a faster selection of inhibitor-escape mutants than when the same initial viral load (lacking the previous ribavirin treatment) was subjected to GU alone. A sufficiently low viral load, achieved as a consequence of a mutagenic treatment, may allow continued, low-level viral replication without selection of inhibitor-escape mutants despite the presence of the inhibitor [70] . The range of parameters (mainly those relating intensity of inhibition and mutagenesis) that may favour the effectiveness of a sequential versus combination inhibitor-mutagen treatments have been investigated using a theoretical model that mimics in silico the interaction between the inhibitor and the mutagenic agent [54] . Experimental and theoretical studies on the adequacy of sequential versus combination treatments continue at the moment, using additional viruses that display different replication mechanisms.
Several levels of complexity in virology
The trajectory from quasispecies theory to the new prospects of antiviral interventions summarized in previous paragraphs is a demonstration that the bahavior of viral populations can hardly be predicted from the behavior of the individual viral genomes that compose it. Although not as fashionable as a decade ago, the term "complexity" is used to refer to systems composed of interconnected parts, in which the performance of the system as a whole is not obvious from the performance of the individual parts. Expressed in more general terms, the sciences of complexity study those systems in which there is no simple and predictable relationship between levels, between the properties of parts and of wholes [86] . The brain and the immune system behave as complex, adaptive systems.
Regarding viral quasispecies, the term complexity has had two different meanings: (i) the amount of information (in regulatory, non-coding and protein-coding regions) present in each RNA genomic molecule (in each of the horizontal lines in Figure 1A) , and (ii) the variations in nucleotide sequence considering a collection of genomes such as those present in a mutant spectrum (the ensemble of horizontal lines in any of the distributions shown in Figure 1A ). For example, we can refer to a mutant spectrum with an average mutation frequency of 10 −4 substitutions per nucleotide as having a 10-fold higher complexity than a spectrum with an average mutation frequency of 10 −5 substitutions per nucleotide. It is this second meaning of complexity the one that bears a direct relationship with the concept of complexity originated in physics, and that has ramifications in multiple fields of science such as sociology, economics, informatics or biology [see [40, 84] for an introduction to the general concept of complexity] and [86] for its implications in biology.
In virology an interesting consideration is the connection between population size and complexity. If we take mutation frequency as a quantification of complexity, then the population size is not a relevant parameter (except for a trivial inaccuracy of the calculation due to a limitation in sample size). That is, 10 mutations in a total of 10,000 nucleotides sequenced (1000 nucleotides in each of a total population of 10 genomes) gives the same mutation frequency as 100 mutations in a total of 100,000 nucleotides sequenced (1000 nucleotides in each of a total population of 100 genomes): 10 −3 substitutions per nucleotide ( Figure  5 ). Using terminology from physics, the mutation frequency is an "intrinsic" property, independent of the population size. However, if we consider the presence of specific and phenotypically important variants in the mutant spectrum, the property of the mutant spectrum becomes "extrinsic". That is, a specific mutant present at a frequency of 10 −3 (a reasonable frequency for some mutant types) is far less likely to be present in a population of 10 genomes than of 1000 genomes. Thus, in this respect, the behavior (in this case adaptive capacity) of a virus is strongly dependent on the population size. Although only indirectly related to complexity, the "extrinsic" (population size-dependent) properties of mutant spectra contribute to their unpredictable behavior.
A different manifestation of complexity is that the mutant spectrum, depending on its size and composition, may affect the fate (increase or decrease in frequency) of individual variants. This was predicted by quasispecies theory [90] and demonstrated experimentally first by de la Torre and Holland working with VSV [14] . That some types of viral mutants can be suppressed by mutant spectra has been confirmed in cell culture and in vivo [8, 13, 66, 92] . Thus, it is uncertain whether a specific variant immersed in a mutant spectrum may reach dominance, despite the variant displaying high fitness relative to the surrounding spectrum (reviewed in [22] ). The population size-dependent suppression of specific variants by a mutant spectrum, irrespective of the complexity of the mutant spectrum, constitutes a demonstration of the potential biological consequences of the extrinsic properties of viral quasispecies.
Virology embodies additional levels of complexity that lie beyond the events that occur at the viral intrapopulation level. The major ones relate to the process of emergence and re-emergence of viral disease, a salient problem in public health and in agriculture. This timely topic has been amply reviewed and popularized [3, 16, 46] , and will be briefly discussed here in connection with complexity. True viral emergences (the appearance of a new pathogen not previously described for the affected host species) or re-emergences (the re-appearance of a known pathogen after a silent period or in a new geographical area) are a consequence of a series of environmental, ecologic, and sociologic influences. Such interconnected factors allow a virus present in our biosphere to come into contact with a potentially new host. It has not been possible to explain a viral emergence (i.e. HIV-1, SARS coronavirus, Schmallenberg virus, etc.) by a single influence or even by a sum of influences. Given the number of interactions between climate, flora, fauna, distribution of viral vectors and potential hosts, etc. viral emergences are the unpredictable outcome of multiple properties of the involved parts. Viral diseases have emerged in the human populations at a rate of one per year during the last decades. Therefore, it is highly likely that they will continue to emerge, but we cannot know when and where they will occur. Thus, this major concern of public health belongs also to complexity, at a second level that follows the interactions within mutant spectra of viral populations. Interestingly, both levels are not independent. Most emerging viral infections are of a zoonotic origin. They originated from some animal reservoir, and in each animal the virus replicates as multiple quasispecies. It is a matter of chance what types of variants will be present in (or shed by) the animal, and that may come in contact with a potential new host, human or other. Thus, chance events occurring at the level of mutant spectra are interwoven with the chance events at the environmental and sociological level. Complexity has truly permeated virology.
Concluding remarks
RNA viruses, and any genetic elements whose replication is catalyzed by low fidelity enzymes (or enzyme complexes) will generate mutant swarms as they multiply in their host species. Because regulatory signals and expression products in the genomes that populate our biosphere exert activities in cis (on the same genome that harbors or expresses them) and in trans (on genomes other than the one that harbors or expresses them), interactions are unavoidably exerted among components of the same swarm. There are several manifestations of the collective behaviour of viral quasispecies (reviewed in [22] ), and here we have emphasized suppression of individual variants by the entire mutant ensembles where they are immersed. The fact that the molecular interactions among genomes, their expression products and host factors are multiple and poorly understood, renders viral quasispecies performance within the scope of biological complexity. It is now well established both, through studies of experimental evolution in the laboratory and in clinical practice, that viral populations are designed to respond to selective constraints. They are reactive, adaptive and contextual. Significantly, these are three attributes employed in modern neurology to refer to the activities of the brain, a paradigm of biological complexity.
Generation of mutant swarms is the first stage in virus diversification in nature. Genetic and phenotypic diversification of viruses has been extensively documented both, in designed laboratory experiments (with cells in culture and host organisms) and by analysis of natural viral isolates. Molecular epidemiology has taught us that most RNA viruses evolve at rates of 10 −3 to 10 −4 mutations per nucleotide and year of evolutionary time. Virus spread in nature, and the encounter of potentially new host species (such as when a simian immunodeficiency virus met a human host to become established as human immunodeficiency virus type 1, the cause of AIDS) are influenced by multiple interconnected factors. Indeed, infected animal hosts and vectors move as a result of sociological and environmental (climatic) influences. They are interconnected: deforestation in the Amazonian region to raise cattle may increase tick populations that may come in contact with migrating animals that modify their routes due to climatic change, and in each host harbouring a replicating virus there is the chance generation of specific variants, etc., etc. To the point that we can develop predictive tools for complex systems we may be able to design new control strategies for viral diseases while learning basic principles of complex behavior in the fascinating world of viruses. Extensions to finite replicon populations in variable environments have been developed, as discussed in the text. C. A graphic representation of two mutant distributions with the same average mutation frequency (given by the discontinuous vertical line) but different amplitude of the mutant spectrum. In the broader (flatter) distribution, extreme components of the mutant spectrum (with a number of mutations higher or lower than the average) occupy a larger portion of the population. The transition from a narrow to a broad distribution may occur as a result of replication of a clonal (originated from a single genome) viral population. Implications of the structure and composition of mutant spectra are discussed in the text. . Hypermutated genomes (often with a biased mutation type) are generated by the action of cellular editing activities such as APOBEC and ADAR, which are diverted from their physiological role into acting as an innate immune defense against some viruses. B. Recombination is the formation of a mosaic genome from two parental genomes. There are several types of recombination: homologous, nonhomologous, replicative and non-replicative. C. Insertions or deletions (abbreviated "indels") can be viewed as the result of a type of intragenome or intergenome recombination that may involve non-viral genomic sequences. They are frequent in the generation of defective-interfering particles, abundant in negative-strand RNA viruses. D. Internal deletions can give rise to a segmented form of a genome that replicates and kills cells by complementation. E. Segmented genomes often undergo segment reassortment, as in the antigenic shift of influenza viruses. None of the types of genetic variation are mutually exclusive: reassortment, recombination, mutation and hypermutation can act simultaneously on a segmented viral genome although such divergent genomes must be rare and unfit. Schemes based on [17, 22] .
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Protein activity Figure 4 . A schematic representation of the interference exerted by an altered viral protein that functions as a hexameric complex. On the left hexamers made of smooth grey subunits are functional and protein activity is high. As additional mutations are introduced in the genome, defective forms of the protein (represented with an irregular surface) increase in frequency. They interfere by forming either inactive hexamers (made of rough subunits) or partially active proteins (hybrid hexamers). This model is based on experimental and in silico results described in the text. Figure 5 . The weight of viral load on the adaptive potential of a viral genome population. Mutant distributions are depicted using the same symbols as in Figures  1 and 2 . Both of them (10 genomes on the left and 1000 genomes on the right) have been sampled from the same quasispecies and, therefore, they have the same mutation frequency. A specific drug resistance mutation (at the genomic site indicated by an asterisk) is present in the large distribution but not in the small one. While for a replicative unit mutation frequency is an "intrinsic" property of the distribution (independent of the sample size taken), the presence of specific variants depends on the sample size ("extrinsic" property). Population size and genetic heterogeneity are key parameters in quasispecies behavior. See text for further comments and relevant references.
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